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a b s t r a c t
Helium tagging of charged C60 q+ ions (q = 1–3) has been used for measuring electronic and infrared gas
phase spectra, allowing astronomers to improve the identiﬁcation of fullerenes in space. Here, we present
a detailed study of the attachment of He to cold mass selected fullerene ions. Experiments were performed
in the temperature variable radio frequency (rf) ion trap ISORI at high He densities and a few K. For all
three charge states, the ternary rate coefﬁcients for forming He-C60 q+ are below 10−31 cm6 s–1 and all three
show temperature dependences, proportional to exp(-T/T0 ) with T0 .< 1.5 K. While most of our knowledge
on the interaction of C60 + with He atoms comes from ab initio calculations, from gas phase ion mobility
experiments, and from fullerene ions ejected from He-droplets, the sequential addition of He to C60 q+ in
ter- or maybe bimolecular collisions provides complementary information. Our experimental results are
tentatively explained with difﬁculties to form and stabilize the short-lived He-fullerene complexes while
relaxation of hot fullerenes in collisions with cold He seems to be rather efﬁcient. Severe restrictions are
due to the fact that thermalized C60 q+ ions behave like fast rotating rigid spheres. Despite the low efﬁciency
in attaching the ﬁrst He, measurements reveal a fast subsequent growth as soon as a few He atoms stick
to the fullerene. In the case of triply charged ions, almost all primaries can be quickly converted into
the particular structure He32 -C60 3+ . IR excitation of this thermalized complex with one 1329 cm-1 photon
provides interesting insight into the decay kinetics.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Ion traps in science
Trapping ions, be it dynamically in magneto- or electrostatic
ﬁelds or in inhomogeneous time dependent electric ﬁelds, is a traditional but still fast growing technique used in many ﬁelds of
research. Applications range from high precision measurements
in fundamental physics to routine studies in analytical chemistry.
Scientists work today on quantum technologies using a handful
of trapped ions [1] or on details of special ion traps, such as the
dynamic Kingdon trap, for improving commercial mass spectrometers [2]. Many innovations emerged since the Nobel Symposium
91 (1994) "Particle Traps and Related Fundamental Physics" improving for example resolution or sensitivity. Moreover, ion traps have
many special features based on excellent spatial localization or
on very long interaction times. All this allows one to interrogate
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and manipulate single ions, ion crystals, ensembles of molecular
structures or nanoparticles.
Low temperature conditions provide additional information on
the behavior of systems in physics and chemistry. The Faraday
Discussion 142 (2009) “Cold and ultracold chemistry” presented
sophisticated experiments based on laser cooling of trapped ions.
First attempts have been reported to expose such sub-mK ensembles to suitable targets for studying bimolecular reactions. More
versatile instruments for cold chemistry (e.g. astrochemistry) are
based on cryogenic ion traps like the 22-pole [3,4]. Although they
operate so far only down to a few K, one can conﬁne and prepare
ensembles where all degrees of freedom are in thermal equilibrium.
An extension of buffer gas cooling of trapped ions into the sub-K
range has been proposed [5].
1.2. He tagging in cryogenic traps
The ﬁrst cryogenic multi-electrode traps have been developed
for studying low temperature reaction dynamics, including radiative association and laser induced processes. A summary and
examples can be found in Refs. [5,6]. In the last 15 years, cryogenic rf ion traps became standard tools for recording spectra of
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cold ions [7–10]. Various strategies for detecting the absorption
of a photon have been developed. A signiﬁcant extension of these
methods has been to operate ion traps such that one can attach a He
atom to mass selected ions. Although the method of using weakly
bound messengers for spectroscopy goes back to the seventies, the
in situ synthesis makes it now applicable to almost all ions including dications [11], fullerenes [12], and reaction intermediates [13].
Many experimental details have been summarized in Ref. [14]. This
progress allowed us to record gas phase electronic spectra of cold
C60 + and to conﬁrm that two diffuse interstellar bands (DIB’s) are
due to this ion [15]. Recently, also IR-spectra of H2 @C60 + ions have
been recorded in the range from 1100 to 1600 cm−1 [16].
For many molecular ions, big or small ones, formation of Hecomplexes in cryogenic traps is routine nowadays [17]. It is rather
easy to ﬁnd, in most cases empirically, suitable conditions to synthesize a sufﬁcient number of singly tagged ions and to keep further
growth small. Besides trapping conditions, the main parameters
are temperature and He density. However, there are systems, like
fullerene ions, for which ﬁnding proper conditions is problematic.
In order to understand this we investigated the elementary processes taking place in the ion trap. We determined rate coefﬁcients
for cooling, for ternary association, and for collision induced dissociation. These data are important for understanding the chemistry
occurring in cold environments. In addition, these are key data
for optimizing helium tagging photofragmentation spectra as well
as for future spectroscopy of unperturbed ions using the method
laser induced inhibition of complex growth (LIICG) [18]. Despite much
recent discussions on the inﬂuence of the He on the position and
shape of recorded lines (see below), there are not yet any related
activities.
1.3. Hen -C60 + ejected from He droplets
Besides the formation of He tagged ions in supersonic expansions or in cryogenic traps, they can be created starting with helium
droplets, too. These nano-reactors offer a unique sub-K medium,
used by many groups in the last decades [19–21]. The Innsbruck
group reported complex mass spectra of ions, produced via electron
bombardment of He droplets doped with C60 [22]. The extracted
yields of Hen -C60 + ions (n = 6–74) provide insight into the interaction between the adsorbed He atoms and the substrate. Remarkable
is the measured abrupt drop of the ion yield above n = 32 where
each of the 12 pentagons and 20 hexagons is occupied by one
helium atom. This and more observed phenomena have been analyzed using various theoretical approaches [22–24]. More details
are discussed below.
The Hen -C60 + complexes, ejected from He droplets, also have
been used to record electronic transitions of tagged C60 + [25,26].
The spectra have conﬁrmed the ion trap results [12,15]. These studies became possible by the very high mass resolution required
for evaluating the laser induced changes in the plethora of ion
complexes. More recent publications dispute the inﬂuence of the
number of He tags on the position and the shape of spectral lines
[24,27,28]. In order to carefully compare results from the two
experiments, one should keep in mind that the complexes in the
trap are thermalized in collisions with the cold buffer gas while
the internal energy of the complexes, formed from droplets via
fragmentation and evaporation, is uncertain. For getting spectra
of unperturbed ions, one has to use methods like LIICG or reactive
probing. This calls for a better understanding of how fullerene ions
interact with helium, reactant gas, impurities, and the rf trapping
ﬁeld.
In this paper, we shortly describe our instrument with special
hints to the formation of He-tagged ions. The results section reports
rates for attaching a single He atom to C60 q+ and discusses the inefﬁciency. The following part describes the much faster subsequent
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Fig. 1. In most ISORI experiments [14,17,29], the cycle (i) ﬁlling the trap with ions,
(ii) interacting with neutrals and/or light and (iii) destructive analysis of the trap
content is repeated with 1 s. During the typical ﬁlling time (up to 0.3 s), the piezo
valve is leaking in helium with a number density of some 1015 cm−3 . Panel a: for
recording spectra, up to 6 pulses from the 10 Hz laser / OPO (red) are selected with
a mechanical shutter before the trap exit is opened at 0.98 s (green). Panel b and c:
the kinetics of laser induced dissociation and complex relaxation is followed using
different timing sequences. Panel d: the ion contents is recorded after various times
td for analyzing any changes of the ion cloud.

growth of complexes as soon as one or two He atoms are attached.
Finally, we present fragmentation mass spectra obtained by exciting 3.7 K cold He32 -C60 3+ ions with a single IR photon. We close
with a summary and a short outlook.
2. Experimental
All experiments, presented in this contribution, have been
performed in the versatile cryogenic ion trap instrument ISORI
(Infrared Spectroscopy Of Reactive Ions) described in detail in
[17,29,30]. This apparatus is based on the combination of modules
from a Thermo Finnigan TSQ 7000 platform with innovative tools
and new schemes developed for analytical chemistry at low temperatures. The central element of ISORI is a linear wire quadrupole
trap (w4PT) made from 24 copper rods (diameter 1 mm, length
50 mm). A recent publication, reporting infrared spectra of HeC60 q+ , provides additional information on the preparation of the
fullerene ions using electron bombardment with 65 eV electrons
[28].
In most applications, ISORI is operated as standard ion trap
instrument, repeating periodically (i) ﬁlling the trap with mass
selected ions, (ii) exposing them to buffer gas and photons, and (iii)
extracting the ion cloud for analysis with a mass selective detector. For fullerenes, we operated the instrument with a repetition
period of 1 s and used up to 300 ms to ﬁll the trap with ions up to
the space charge limit. As indicated in Fig. 1, also the helium buffer
gas is maintained at high density for up to 300 ms using resonant
excitation of the piezo-operated valve [31]. The repetition period
of 1 s allows us on one side, to explore various kinetics related to
the formation of He-tagged ions and their interaction with photons
and, on the other side, to expose the complexes to up to 6 pulses
from the OPO, operated with 10 Hz (see panel a in Fig. 1). Using only
one OPO pulse, one can study the net fragmentation efﬁciency as a
function of the delay tb between excitation and extraction (panel b).
Changes can be due to a delayed decay in the case of many degrees
of freedom or by regrowth of complexes, an observed phenomenon
which is discussed below. Varying the time tc (panel c) allows one
to study the transition time from high He densities to conditions
where collisions become rare. Changing the length and density of
the He pulse and the extraction time td provides information on
relaxation and complex formation. Usually there is no loss of ions
in the trap. Most changes of the total number of detected ions are
due to not recorded ions, produced via reactions with impurities.
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Fig. 2. Time and temperature dependence of the number of He-C60 + complexes
(black, right scale), recorded over 10 min and at temperatures T between 4.3 and
2.8 K (blue, left scale). At the beginning, the temperature is going down slowly,
resulting in an increase of complexes. At 80, 200 290, and 410 s, the buffer is switched
off. This turns off complex formation but also removes the heat-load by the gas,
resulting in a decline of T. Switching on the gas, the number of complexes jumps
to high values (up to 700) due to the low momentary temperature, followed by a
decrease back to the stationary value (300 ions at 3.8 K).

Very efﬁcient are switching reactions replacing a He atom in the
complex with a N2 , H2 O, or another trace molecule.
Of central importance for forming He-tagged fullerenes is to
obtain very cold trapping conditions and high He densities. In order
to reach the limits of the cryogenic cooler one has to provide very
good heat contacts between the cold head and the trap and to avoid
any heating of this inner part. This is achieved by carefully arranging
the wires and gas lines, precooling them, and surrounding everything with a heat shield. Some details from the ISORI trap can be
seen in the Figs. 12 and 13 of ref. [14]. With a proper arrangement,
one does not need much cooling power. In ISORI we use a Sumitomo RDK-101E, speciﬁed with a cooling power of 0.1 W at 4 K.
Using resistive heating (power P), the temperature, measured with
a silicon diode sensor LakeShore DT-670B1-CU, increase according
to T / K = 2.35 + 0.0143 P / mW. Note that in the following, we usually
report the measured temperature of the trap, T, while the translational temperature of the ions, Tion , is always higher, especially in
an rf quadrupole trap. However, important for cooling the internal degrees of freedom of the ions is the relative motion. For the
heavy fullerene ions cooled with He, the collision temperature as
well as the resulting internal temperature is very close to that of the
He buffer gas. With a helium temperature of 4 K and an estimated
translational temperature of 150 K, one gets from see Eq. 113 of Ref.
[32] a collision temperature of 4.8 K.
An unforeseen problem, raising the trap temperature, has
been the helium buffer gas penetrating into the not differentially
pumped region between the cold head and the shield. Depending on
the He-ﬂow, the temperature rises to 4 K, equivalent to a resistive
heating with 0.12 W. For extending temperature dependent measurements to lower temperatures, the He gas is turned off for tens of
seconds. Fig. 2 shows a typical time dependence of the temperature
(blue) and the number of He tagged ions (black). Obvious is the fast
decline of T as soon as the piezo valve is closed. Without buffer gas
there is no collisional relaxation of the injected ions and no formation of complexes: the number of He-C60 + drops to zero. Switching
on the He ﬂow leads to a large number of complexes, caused by
the momentary low temperature. However, the additional thermal load by the He gas leads to an increase of T and a decrease of
NHe-C60+ . The temperature decline measured after 3̃00 s has been
ﬁtted with an exponential decay. The result is a time constant of
23 s and an asymptotic limit of 2.75 K. The rather quick changes of

Fig. 3. Dependence of the number of He-C60 3+ complexes (red) on the temperature
of the trap, formed from injected C60 3+ (black). The ﬁt indicates a decrease of Ni
proportional to exp(-T / 1.2 K) above 6 K (red line). As emphasized by the logarithmic
scale, the number of complexes with 2 or 3 helium atoms is very small.

the temperature are due to the low heat capacity of metal in this
temperature range.
3. Results and discussions
3.1. Adding a single He to C60 q+
3.1.1. Cooling and ternary association
The basis for identifying C60 + as a carrier of DIBs in the NIR [12]
was the synthesis of He-C60 + complexes from mass selected ions
inside a cold ion trap. In the following we discuss the cooling of the
initially hot fullerene ions, followed by the ternary reaction
C60 q+ + 2He → He-C60 q+ + He.

(1)

As mentioned above, a large effort was needed to ﬁnd operating conditions which allowed us to detect products from reaction
(1) and, ﬁnally, to have enough tagged complexes for predissociation spectroscopy. Initially we speculated that internal relaxation
of C60 + was inefﬁcient because of speciﬁc modes which do not couple to the colliding He atom. Later, we obtained evidence that the
bottle neck is not the cooling of the C60 q+ ions but the attachment
of the ﬁrst He to the cold fullerene. The attachment of the ﬁrst He
is almost independent on the charge state q.
An important experimental hint to understand reaction (1) is the
unusual temperature dependences of the formation rate. Common
to all three charge states is that the number of complexes decreases
exponentially with increasing temperature, ẽxp(-T/T0 ). For doubly
and triply charged fullerenes, the characteristic temperature is with
T0 = 1.2 K even smaller than for the singly charged one, 1.44 K. Fig. 3.
shows a typical result for triply charged C60 . At low temperatures
less than 10% of the injected C60 3+ are converted into He-C60 3+ .
Similar exponential dependences are shown in Refs. [14] and [28]
for singly and doubly charged fullerenes, respectively. Additional
results showing the steep temperature dependence are plotted in
Fig. 2. For example, the time dependence after 400 s shows a temperature increase from 2.8 K to 3.8 K, while the number of He-C60 +
complexes falls from 650 to 300 ions per ﬁlling. It is obvious that an
Arrhenius type temperature of T0 < 1.5 K cannot be explained with
standard kinetics.
Another relevant experimental hint is that the overall rate for
complex formation is very small for all three charge states of C60 .
Under optimized trapping conditions, described in the experimental section, only a few percent of primaries could be converted into
complexes in the w4PT. A typical experimental result for C60 + is
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Fig. 5. Radial potential energy curves of He-C60 + as a function of the distance
between the He atom and the center of C60 + . The curve with the minimum at
10.3 meV and 6.5 Å (violet) shows the averaged interaction potential derived from
ion mobility experiments [33]. The other ﬁve curves (adapted from [23]) have been
calculated along different radial approaches, piercing through the fullerene at the
indicated locations. The deepest potential (blue) is for approaching the hexagon, the
next one (yellow) for the pentagon. Relative to these geometries, the other three
geometries are only a few meV higher. It is under discussion whether these barriers
are high enough to result in a localized He ground state.

Fig. 4. Simulation of converting 4.5% of the injected C60 + ions into He-C60 + complexes within a trapping time of 1 s (experimentally observed at a density of 4 ×
1015 cm−3 ). The used parameters and rate coefﬁcients are given in the two plots. In
the upper panel, rather fast relaxation of the initially hot C60 + ions has been assumed,
requiring to use a ternary association rate coefﬁcient as low as k3 = 3.4 × 10–33 cm6
s–1 . In the lower panel, k3 has been set to a more common value; k3 = 3 × 10–31 cm6
s–1 ; however, this requires a relaxation rate coefﬁcient as low as krelax = 1.4 × 10-17
cm3 s–1 .

that 4.5% of the primaries are tagged at a helium number density
of 4×1015 cm−3 and after a trapping time of 1 s. This result is used
in Fig. 4 for illustrating the role of relaxation and ternary association. The time dependent changes have been calculated with a
simple kinetics model accounting just for two groups of C60 + (hot
and cold) and for the He-C60 + products. Collisions with the abundant helium are accounted for with rate coefﬁcients for relaxation
(krelax ), ternary association (k3 ) and collision induced dissociation
(kCID ). Both in the upper and lower panel, the parameters have
been chosen such that the complexes grow with the measured rate
of 0.045 complexes per C60 + and s. Dissociation does not play a
signiﬁcant role in this example (kCID = 1 × 10–16 cm3 s–1 ).
In the upper panel, the rate coefﬁcient for relaxation of the
injected hot ions has been assumed to be krelax = 1 × 10–14 cm3 s–1 .
As can be seen from the fast decay of hot C60 + (red curve) thermalization is very efﬁcient due to the high number density. In this case,
the ternary rate coefﬁcient for reaction (1) must limit the experimentally observed growth, resulting in an extremely low value,
k3 = 3.4 × 10–33 cm6 s–1 . In the lower panel, k3 is assumed to be
3 × 10–31 cm6 s–1 . In this case, the slow observed conversion rate
requires that C60 + relaxes very slowly, krelax = 1.4 × 10–17 cm3 s–1 .
This result is very unrealistic because it would require almost
108 collisions between C60 n+ and He, using the simple Langevin
model. With the polarizability ␣ = 0.22 Å´ 3 , the capture rate coefHe

ﬁcients kL are 5.5, 7.8, and 9.5 × 10–10 cm3 s−1 for q = 1, 2 and 3,

respectively. It is important to note that kL is independent on temperature. The efﬁciency of the exchange of energy between the He
atom and the hot fullerene depends on the details of the interaction
potential, discussed in the following section. An additional information favoring energy scrambling comes from the NIR and IR spectra
[12,28]: the life-time broadened lines indicate that all vibrational
modes and low lying electronic states of C60 n+ are strongly coupled
to each other.
Summarizing the experimental observations and interpretations, we conclude that, in the present trap experiment, relaxation
is efﬁcient enough that all vibrational modes of the fullerene
ions (lowest one >250 cm−1 ) are ﬁnally in their ground state.
Consequently the carbon skeleton behaves like a rigid ball with
some corrugation. There are no degrees of freedom participating
in complex formation and stabilization with exception of angular
momenta. For the ternary association rate coefﬁcients this means
that they must be very small, certainly below 10-31 cm6 s–1 .
3.1.2. The C60 + + He interaction potential
More insight into the interaction between a fullerene ion and
a He atom can be obtained (i) from the interaction potential [33],
(ii) from path-integral molecular dynamics calculations [23], and
(iii) from experimental and theoretical studies of the structure
and stability of Hen -C60 + complexes [22,24]. Fig. 5 shows several
cuts through a globally optimized potential energy surface (PES),
adapted from [23]. The potential with the minimum at 10.3 meV
and 6.5 Å is an orientation-averaged potential derived from gas
phase ion mobility measurements [33]. It has been obtained by
comparing the experimental results with theoretical predictions
based on various approximations including the use of classical
trajectory calculations. A typical set of trajectories, adapted from
Fig. 2 of [33], is shown in Fig. 6. In this approximation, the C60 +
is treated as a solid sphere, resulting in direct repulsion at small
impact parameters and weak deﬂections at large ones.
Within such a central ﬁeld approximation and assuming pointmasses, only orbiting resonances can lead to the formation of
long-lived collision complexes. In reality, the PES is structured and
the corrugation and curvature close to the fullerene surface certainly plays a role in forming and stabilizing He-C60 + . As brieﬂy
mentioned in the introduction, much experimental and theoretical
work has been done for explaining observed ion yields of Hen C60 + ions [22] and for understanding the inﬂuence of a He-tag on
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Fig. 6. This ﬁgure (adapted from [33]) shows trajectories for elastic scattering of
He on C60 + , calculated for impact parameters between 0 and 14 Å at 300 K thermal
collision energies. At lower temperatures, the attractive interaction becomes more
important. Nonetheless, the collisions remain direct in this simple model assuming just a rotationally symmetric potential. For understanding formation of He-C60 +
complexes, one has to account for the corrugation of the fullerene cage coupling the
rotational states of the fullerene with the orbital angular momenta of the relative
motion.

electronic transitions of C60 + [24]. Of primary importance for the
stability of complexes are their binding energies, which have been
reported to be 17 and 15.4 meV for helium on the hexagon and pentagon of C60 + , respectively [23]. In a recent calculation these values
have been lowered slightly [24].
More important than the uncertainty of a few meV of the PES is
the question how quantum mechanical effects inﬂuence the capture of the approaching helium atom. Harmonic zero point energies
are up to 7 meV [23], more than the barriers between the minima
as can be seen from Fig. 5. Looking critically into the details of the
PES, it is not obvious that an attached He atom is really localized in
one of the minima. Most probably the low barriers as well as tunneling leads to delocalized wave functions extending all around
the fullerene. Moreover, the radial potential also supports several
vibrational modes, resulting in breathing and rotating He-shells
with different radii.
3.1.3. Rotation and orbital angular momentum
In most experimental and theoretical studies, one ﬁnds in
the literature for Hen -C60 + , the expressions rotation or angular
momentum are not mentioned. Therefore we assume that all
published theoretical results were obtained for non-rotating structures. Nonetheless there is no doubt that the complexes, produced
by electron bombardment and fragmentation of C60 doped Hedroplets, are rotationally excited. The rotational population of He
droplets with 1000 atoms peaks at j ∼ 100, if the rotation would be
thermalized to 0.37 K. In the following we provide evidence that the
rotation of the cold fullerene ions and the conservation of the total
orbital angular momentum are the main reasons for the inefﬁciency
to form He-C60 q+ complexes.
In trap experiments, collisions with the cold He buffer gas
thermalize not only the vibrational but also the rotational states.
Describing C60 q+ simply as a spherically symmetric structure and
using the rotational constant B = 0.002768 cm−1 the relative population of the rotational level j can be calculated from [34]
2

P(j) = (2j + 1) exp(−Ej /kT ).

(2)

The upper panel of Fig. 7 presents normalized distributions
for the three indicated temperatures. Under the conditions of our
experiment (rotational temperature ∼5 K), the fullerene ions rotate
with j-values peaking at 40 and extending above 80. For a thermalized rigid He-C60 + structure, much smaller j-values are obtained
(lower panel of Fig. 7). The rotational constant of 0.1 cm−1 is cal-

Fig. 7. Thermal population of the rotational states of C60 + (upper panel) and of rigid
He-C60 + (lower panel) at the three indicated rotational temperatures. The rotational
constant for C60 + (B = 0.002768 cm−1 ) has been taken from [34]. In the case of the
complex it is assumed that the He is ﬁxed on the surface (e.g. on a hexagon) at a
distance of 6.5 Å´ from the center. Under such conditions, thermalized complexes
have very low j-values, peaking at j = 5 at the conditions of our trap.

culated using a binding length of R = 6.5 Å and the reduced mass
 = 3.98 u. However, as discussed above, the He atom is probably
not bound to a ﬁxed positions (see above). Therefore, the inner
sphere and the outer He shell, can rotate independently. Such states
(breathing and rotating He-shells, shape resonances) may be populated in low temperature collisions. They will change signiﬁcantly
the trajectories shown in Fig. 6.
For a quantitative understanding of the ﬁrst step for reaction (1),
the conservation of total angular momentum J plays a central role.
J is the vector sum of the rotational state of the spinning fullerene,
j, and the orbital angular momentum of the relative motion, l,
J=j+l

(3)

The rotational quantum number j can vary over a wide range
(see Fig. 7) while, based on the above mentioned Langevin model,
capture can only occur for l = |l| ≤ 10.0 at 5 K for C60 + . For q = 2
and 3 one obtains lm = 12.1 and 13.5, respectively. Accounting for
these restrictions together with the conservation of the total energy
one could make predictions based on a simple statistical model.
However, the coupling between the internal degrees of freedom is
most probably not efﬁcient enough for mixing all accessible states.
A more realistic model is to add the corrugation to the spherically symmetric potential used in Fig. 6. With this interaction, the
approaching He can change the rotation of the fullerene. A deceler-
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Fig. 8. Illustration of the kinetics for He tagging and LIICG. After injection of a C60 +
ion (ḧot)¨ into the trap, collisions with the He buffer gas thermalize its kinetic energy
and relax all vibrationally excited modes to their ground state. The result is a rigid
sphere. Even at 5 K, these spheres rotate with j up to 80 (see Fig. 7). As discussed in
the text, there are various groups, schematically indicated by the 3 colored boxes.
In the ﬁgure it is assumed that He-C60 + complexes are formed only from slowly
rotating fullerenes. For recording spectra of the unperturbed ion (LIICG), one has to
avoid complex growth. This can be achieved by selectively exciting the ions with a
laser as soon as they get cold. In this way they stay in the upper loop.

ation (e.g. j → j - 1) would result to a faster ejection of the He while
an acceleration lowers the orbital angular momentum l by 1. This
may lead to an extension of the lifetime of the intermediate state
(Feshbach resonance).
Detailed dynamics calculations, simulating not only the formation of the collision complex but also its stabilization, are out of
the scope of the present paper. We are also convinced that classical trajectories are not sufﬁcient. One needs to perform quantum
mechanical calculations for describing He attachment to fullerenes
at a few K. Therefore we can conclude this chapter only with a few
qualitative arguments.
A simple empirical explanation for the steep temperature
dependence for forming He-C60 q+ is to assume that only ions in
speciﬁc rotational states fulﬁll the constraints imposed by the conservation laws. Restrictions like j < 5 or allowing only a small
j-interval lead to steep temperature dependences due to changes
in the thermal distributions. A closely related postulate is motivated by the thermal population of He-C60 q+ (lower panel of Fig. 7):
only low total angular momenta can lead to stabilized products.
Such j-speciﬁc mechanisms also would explain the experimental
observation that, after fragmentation, complexes grow again if one
waits too long for extracting them (situation b in Fig. 1). Because
photodissociation does not change much the rotational state, the
resulting fullerene remains in a state, well-suited for attaching He
once more.
The restriction imposed by angular momenta may also explain
why nobody has succeeded so far to use LIICG [18] for recording
unperturbed NIR and IR spectra of fullerenes. The kinetics for LIICG
are illustrated schematically in Fig. 8. The strategy of this method is
to use simultaneously buffer gas cooling and laser excitation (electronic or vibrational transition) in order to stay in the upper loop,
i.e., to avoid growth of complexes. Problematic in this special case
is the rotation of the fullerenes, indicated symbolically by the three
boxes. They represent slow, medium and fast rotating ions. As mentioned above, it also may be that only a few speciﬁc states of the
fullerene ion are capable to attach a He atom or that speciﬁc (j,
l) combinations are needed for forming collision complexes with
long lifetimes. Rotationally resolved transitions could give some
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Fig. 9. Growth of complexes up to He32 -C60 3+ and above (storage time 1 s, T = 3 K,
[He] 1̃015 cm−3 ). The mass distribution still contains 35% of C60 3+ while the majority
of the ions already have been converted into ions with n > 28. The logarithmic scale
emphasize that sequential addition of He is so fast that there is almost no population
of the intermediate complexes. The inset shows binding energies computed by Calvo
[23]. The steep decrease above n = 32 can be taken as one explanation that there is
almost no further growth above this special complex. Ions with n > 35 (marked with
green) contain one N2 molecule (switching reaction).

answers; however, life time broadening of the electronic [12] and
vibrational [6] transitions impedes this.
3.2. Attaching up to 32 He atoms to C60 q+
For spectroscopy, one usually prefers ions tagged with a singe He
atom and one tries to operate under conditions as in Fig. 3, keeping He2 -C60 3+ below 1%. Much larger complexes are formed via
electron bombardment of He droplets doped with C60 [22]. Their
distributions depend on droplet size, partial pressures in the pickup
cell, and details of the ionization process. Despite the complicated
formation, obtained Hen -C60 + distributions as those shown in Fig. 2
of [22] are rather simple: a slow decrease of the yield of complexes
from n = 5 to 32 followed by a drop by a factor of 2 towards n = 33.
The growth of complexes in the trap results in quite different
results as can be seen in Fig. 9. At a nominal temperature of 3 K
and long storage times, a large fraction of the triply charged ions
are coated with 32 or 33 He atoms. Nonetheless there are still 35%
of primaries, 2% of complexes with one He, but almost nothing
up to n = 29. The distribution, peaking at n = 32, falls off steeply to
both sides (note the logarithmic scale). The inset shows the ﬁrst
energy differences E = En − En-1 with harmonic zero-point-energy
(ZPE) correction computed by Calvo [23]. Obvious is the sudden
decrease of the binding energy above n = 32. This can explain qualitatively that the growth of complexes slows down above this size.
On the other hand one also has to consider that the ﬁrst He shell
is not closed with 32 [23]. The green colored points at and above
n = 37 (nominal value) are in reality N2 -Hen-6 -C60 3+ complexes produced via collisions of Hen-5 -C60 3+ with a nitrogen molecules. The
exchange of one He atom with one N2 is very efﬁcient.
How can one understand the gap in the mass distribution shown
in Fig. 9, produced exclusively from mass selected C60 3+ ? As discussed above, attachment of the ﬁrst He to this ion is very slow.
However, the situation changes signiﬁcantly if already one or two
He atoms are bound and the next He hits this complex. The degrees
of freedom of the already stabilized He atoms (vibrational modes
and internal rotations) add many soft modes to the collision complex which are able to absorb the kinetic energy of the relative
motion of the next He atom approaching the complex. Also the He
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Fig. 10. Model calculation of sequential addition of He atoms to stored M+ ions.
The ﬁrst 10 ms (upper panel) emphasizes on the initial changes of n = 1, 2 and 3
while later (lower panel) all intermediate states are in an almost stationary state.
The simple kinetic model and the parameters are explained in the text. The results
illustrate the r̈un awayëffect shown in Fig. 9 (here in the model only up to n = 12.

- He attraction can play a role. Above a certain number of bound He
atoms it may be that the äctiveïnternal degrees of freedom are so
¨
collision).
large that a hitting He atom j̈ust sticks(bimolecular
The inﬂuence of the change in the growth rate with n and of the
binding energy is illustrated in Fig. 10 using the simple model for
He attachment to a molecule M+ described in detail in [13]. For the
growth via ternary collisions, following the reaction chain
Hen -M+ + 2He → Hen+1 -M+ + He,

(4)

the rate coefﬁcients 1×10−30 , 5×10-29 , 5×10-28 , 1×10-27 cm6 s-1
have been used for n = 0, 1, 2, 3, respectively, and 5×10-27 cm6 s-1
for n = 4 and larger. For simplicity, the number n has been restricted
here to 12. The rate coefﬁcients for the collision induced fragmentation process
Hen -M+ + He → Hen-1 -M+ + 2He,

(5)

have been approximated with a simple Arrhenius-like formula,
kCID = 10−10 cm3 s-1 exp(-T/T A ),

(6)

using TA = 35 K for n up to 10 and 40 K for n = 11 and 12. The
experimental parameters were set to T = 3 K and [He] = 1.5 × 1015
cm−3 . The obtained changes of the relative number of ions with
n He atoms (the sum is normalized to 1) are plotted in Fig. 10 in
two different time ranges. The upper panel illustrates the changes
during the ﬁrst 10 ms, populating sequentially the intermediate
clusters n = 1, 2 etc and showing the steep growth of the ﬁnal complex, in our model n = 12. In the lower panel one can recognize the

almost stationary low abundance of intermediate complexes while
the population is just transferred from n = 0 to 12. All other clusters
fall off in accordance with the slow decline of the primaries.
The fast and almost complete conversion of C60 3+ into He32 C60 3+ occurs only at a nominal temperature of 3 K or below. This
effect could not be observed for singly and doubly charged ions for
which, at this temperature, only mass distributions with less than
20 He atoms have been recorded so far. This can be explained with
the slightly larger binding energies for the triply charged ions due
to the charge-induced dipole contribution and the interaction with
low lying electronic states. Fig. 11 shows mass spectra measured
at nominal temperatures between 3.0 and 6.4 K. It is interesting to
see that, also at 5 K, the triply charged fullerene ions still get almost
completely covered with one He per face and that the switching
reaction with N2 still plays a role. A further increase of the temperature by just a few tenth of a K results in a signiﬁcant shift of the
measured distribution towards lower masses. At all temperatures,
there are still more than 30% of untagged ions (n = 0).
It must be emphasized that the distributions in Fig. 11 are stationary equilibria which almost do not change with higher densities
or longer storage times. Therefore it is rather safe to assume that
also the formed complexes are thermalized and that the internal
temperature is given by the collision temperature. With the example presented above (the ion kinetic energy of the trapped ion has
been assumed to correspond 150 K), one obtains for the coldest
ensemble and n = 32 an internal temperature of Tint = 3.7 K. For T =
6.4 K and n = 8 the mass weighted temperature is Tint = 7.2 K. Such
changes with temperature or with density and storage time are
well-suited to understand the kinetics of He attachment in more
detail. It also will provide experimental values for the binding energies of the helium atoms. A detailed evaluation is in preparation;
however, it requires to develop a complicated kinetics model, simulating and ﬁtting all dependencies measured as a function of time,
density, and temperature.
3.3. Fragmentation of He32 C60 3+ with a single IR photon
A well-established way to probe a molecular structure is to follow its decay after absorption of a certain amount of energy. In the
present case, the fast conversion of C60 3+ primary ions into almost
exclusively He32 -C60 3+ ions makes it possible to study this outstanding complex without any further mass separation. This has
allowed us to record an IR spectrum between 1100 and 1600 cm−1
[28]. In those experiments, only the attenuation of ions with 32 He
is monitored. In Fig. 12 we present two mass spectra with (red) and
without (black) exposing the trapped ions to the IR photons from
an OPO, tuned to 1329 cm−1 . Inspection reveals that, after absorption of one photon, the number of complexes decreases below n = 3
and around n = 32. The ions with masses above n = 34 contain one
N2 molecule. They also are inﬂuenced slightly by the light.
The marked positions in the fragment mass spectrum indicate
that there may be a preference to loose 4 or 12 He atoms. Moreover, there are also fragment complexes around eight He atoms.
The absorption of two photons can be excluded at the power density
used in our experiment. Taking the photon energy of 1329 cm−1 and
a binding energy of 80 cm−1 per He, one would expect a loss of 16 He
atoms from He32 -C60 3+ . This estimate, however, does not account
for the kinetic energy of the ejected atoms and it also ignores the
internal energy of the complex. For better understanding all these
observations one needs to model the decay kinetics starting with
a 3.7 K complex with a C60 3+ in the middle, excited to a speciﬁc
vibrational mode [28].
With the present setup, it is easy to extend photo-fragmentation
measurements, making use of the option to prepare thermalized
complexes with different coatings and with different charge states.
It is also interesting to use different IR transitions reported in [28]
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Fig. 11. Stationary mass equilibria of Hen -C60 3+ , obtained at nominal temperatures between T = 3 K and 6.4 K. The sum over all masses is normalized to 100%. The resulting
distributions are a sensitive equilibrium between complex growth and collision induced dissociation. At 3.0 K, the dominant peak is n = 32 where one He atom is sitting on
each of the 12 pentagons and 20 hexagons. Raising the temperature only slightly leads to a signiﬁcant of the distributions towards lower n. The green peaks above n = 32 are
due to reactions with traces of N2 .

Fig. 12. Predissociation of Hen -C60 3+ complexes after single photon excitation with
1329 cm−1 . The comparison of the mass distributions without (black) and with irradiation (red) reveals a decrease of complexes around n = 32 and below n = 3. The
drop below n = 16 can be explained with the fact that the energy of the photon is
just sufﬁcient to kick out 16 atoms. The ions with masses above n = 34 contain one
N2 molecule. The inset shows a calculated structure of 32 He atoms coating C60 +
reported in [23].

or to search for complexes with very slow decay by delaying the
time tb (see situation (b) in Fig. 1).
4. Summary
Based on cryogenic ion traps, in situ He tagging of mass selected
ions became a ﬂexible and general method for structural charac-

terization of polyatomic ions. In this contribution the inefﬁcient
attachment of the ﬁrst He to charged fullerenes has been analyzed
in detail. With a reasonable estimate for collisional relaxation of
fullerenes we conclude from the experiment that the ternary rate
coefﬁcients are much smaller than 10−31 cm6 s–1 for all three charge
states. This can be understood qualitatively by the fact that the cold
fullerenes are rigid structures and that, for complex formation and
stabilization, there are no active degrees of freedom involved with
exception of angular momenta. More theoretical work is needed
to understand quantitatively the dynamics of He attachment, e.g.
for preparing spectroscopic studies based on LIICG. A related theoretical challenge is to solve the Schrödinger equation for the cold
He-C60 + ion, to provide information on the ground state of this
molecule having a large solid sphere in the middle, and to calculate
wave functions for vib-rotationally excited states. Such information
may stimulate spectroscopic studies in the FIR or THz range.
Low temperature traps are versatile tools, allowing many other
applications in mass spectrometry and analytical chemistry, for
example in situ isomerization or in situ mobility selection. Combining traps with neutral beams of atoms or radicals makes it possible
to probe cold molecules with more reactive tags than He. Especially interesting is to expose trapped ions to a beam of H-atoms
and to monitor the change of their IR spectra. Switching reactions
also can be used to cover cold mass selected ions with molecules
such as H2 O.
A critical comparison of our trap experiments with those starting with He-droplets, reveals several advantages. For example one
has much more control over the prepared ions, be it by mass selection prior to laser interactions or by the fact that one can prepare
a real thermal ensemble. Evaporation from 4 He-droplets results in
0.37 K cold complexes, but only as long as enough He atoms surround the ionic center. The Hen -C60 + ensembles described in [22]
or [24] are certainly not thermalized. On the other hand we not yet
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succeeded in traps to grow really large clusters with helium. For
achieving this, much lower temperatures are needed, may be by
using chopped cold effusive beams [5].
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